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We propose a non-oscillatory no-scale supergravity model of inflation (NO-NO inflation) in which
the inflaton does not oscillate at the end of the inflationary era. Instead, the Universe is then
dominated by the inflaton kinetic energy density (kination). During the transition from inflation to
kination, the Universe preheats instantly through a coupling to Higgs-like fields. These rapidly an-
nihilate and scatter into ultra-relativistic matter particles, which subsequently dominate the energy
density, and reheating occurs at a temperature far above that of Big Bang Nucleosynthesis. After
the electroweak transition, the inflaton enters a tracking phase as in some models of quintessential
inflation. The model predictions for cosmic microwave background observables are consistent with
Planck 2018 data, and the density of gravitational waves is below the upper bound from Big Bang
Nucleosynthesis. We also find that the density of supersymmetric cold dark matter produced by
gravitino decay is consistent with Planck 2018 data over the expected range of supersymmetric
particle masses.
I - INTRODUCTION
The theory of inflation is the most successful mecha-
nism for explaining how the Universe became so homo-
geneous and isotropic on large scales [1]. The usual sce-
narios assume that, after the epoch of cosmic inflation,
the scalar inflaton field rolled down to a minimum and
started oscillating, ultimately decaying into elementary
particles and reheating the Universe [2].
However, one may also consider an alternative mech-
anism of reheating, caused by non-perturbative effects
arising from a parametric resonance, known as preheat-
ing [3–6] (see [7] for reviews). If the inflaton field is cou-
pled to another scalar field, h, the large effective mass
of the h field changes non-adiabatically when the infla-
ton crosses the origin, causing explosive production of h
particles.
The original models of preheating [3–6] discussed
the exponential particle production that occurs non-
perturbatively due to inflaton field oscillations about an
effective minimum. However, it was later shown by Felder
et al. [8] that preheating can occur instantaneously with-
out inflaton oscillations or a parametric resonance, if the
coupling between the inflaton and the additional scalar
field is sufficiently large. This discovery stimulated inter-
est in non-oscillatory (NO) models of inflation [9]. These
have suffered from the paucity of efficient reheating mech-
anisms other than gravitational particle production in-
duced by the changing space-time metric [10]. One alter-
native possible reheating mechanism for NO models of
inflation was to introduce a curvaton field [11, 12], which
decays into thermalized radiation and reheats the Uni-
verse. Models with curvaton reheating do not need an
interaction term between the inflaton field and another
scalar field.
In this paper, we focus our attention on NO models
of inflation with instant preheating. Because the process
of instant preheating is extremely efficient, only a small
fraction of the inflaton energy is converted to the pro-
duction of the heavy h particles, which in turn rapidly
annihilate and scatter into ultra-relativistic particles. Af-
ter the period of instant preheating, the Universe is dom-
inated by the kinetic energy density of the inflaton, which
scales as ∝ a−6 [13], until the energy density of ultra-
relativistic products, which scales as ∝ a−4, starts domi-
nating the Universe, resulting in reheating. A viable sce-
nario of instant preheating requires that the Universe en-
ters the radiation-dominated era significantly before the
epoch of Big Bang Nucleosynthesis (BBN), which neces-
ar
X
iv
:2
00
8.
09
09
9v
1 
 [h
ep
-p
h]
  2
0 A
ug
 20
20
2sitates a reheating temperature TRH  1 MeV. On the
other hand, in supersymmetric models too large a value
of TRH would bring the risk of excessive production of
gravitinos whose decays would overproduce dark mat-
ter.
The non-oscillatory model of instant preheating pos-
tulated in [8] assumed that, after the inflationary epoch,
when the inflaton field crosses the zero point and becomes
negative, the effective scalar potential vanishes and the
energy density of the inflaton consists only of the kinetic
energy contribution. It was later shown that that the
mechanism of instant preheating works very well in mod-
els incorporating quintessential inflation, as originally in-
troduced by Peebles and Vilenkin [14], which assume that
the inflaton field slowly rolls toward zero potential after
inflation, and could explain the present-day dark energy.
Quintessential inflation with instant preheating has been
studied in several different contexts, including the pro-
duction of gravitational waves [15, 16], α-attractor mod-
els of inflation [17], the primordial production of black
holes [18], Gauss-Bonnet models [19], and UV freeze-in
models [20]. In these models the coupling between the in-
flaton and another scalar field is generally put in by hand,
and the coupling strength is adjusted to avoid the over-
production of radiation created by instant preheating,
which would otherwise cause the reheating temperature
TRH to be too large.
In this paper we consider a new scenario for instant
preheating, derived from no-scale supergravity [21–23].
In this scenario, immediately after instant preheating the
effective mass of the non-perturbatively produced parti-
cle h, which we treat as a proxy for the Higgs boson of
the Standard Model (SM), is similar to the inflationary
scale. These superheavy particles then annihilate and
scatter into ultra-relativistic products. The Universe en-
ters a period dominated by the inflaton energy density
(kination) until the ultra-relativistic particles start to
dominate the energy density of the Universe and reheat-
ing occurs. The motion of the inflaton is slowed down
during this radiation-dominated phase. Then, after the
electroweak phase transition, when the radiation density
drops to the level of the inflaton potential, the universe
enters a tracking phase, as in quintessence models [24].
The residual inflaton potential energy later acts as dark
energy in the present-day Universe.
We are motivated to consider models based on N =
1 supergravity, because it provides a natural framework
that incorporates a viable dark matter candidate and also
connects the inflaton to the SM fields at high scale. The
theory of supergravity is characterized by the geometric
properties of a non-trivial Kähler manifold, which can
incorporate naturally the required effective interaction
terms between the inflaton and the proxy Higgs field h.
Further, we are motivated to study scenarios based on no-
scale supergravity [21–23] because it avoids undesirable
anti-de Sitter states and emerges in the effective low-
energy limit of string compactification [25]. For some
previous models combining the SM with no-scale models
of inflation, see [26–33].
We demonstrate in this paper the construction of a
non-oscillatory, no-scale supergravity model of inflation
(NO-NO inflation), whose predictions agree with the
most recent cosmic microwave background (CMB) mea-
surements [34, 35]. This model has a simple plateau infla-
tionary potential, whose predictions are similar to those
of the original Starobinsky model of inflation based on
R + R2 gravity [37] (see [38–48] for other Starobinsky-
like models in the context of no-scale supergravity), and
the general framework can be extended easily to mod-
els of no-scale attractors [49], which we leave for future
work. We note that plateau models of inflation with a
minimum have also been studied in [50, 51], where they
were referred to as T-models.
The structure of this paper is as follows. In Section II
we describe our NO-NO inflation scenario, first review-
ing briefly relevant aspects of no-scale supergravity, then
discussing the effective potential of the model and equa-
tions of motion before analyzing its predictions for CMB
observables, which are compatible with the Planck 2018
data [34, 35]. Then post-inflationary preheating is stud-
ied in Section III. An estimate of the reheating temper-
ature is given in Section IV, where the tracking regime
and its conclusion is also discussed. The abundance of
gravitational waves is calculated in Section V and found
to be compatible with the upper limit from Big Bang
Nucleosynthesis, and the abundance of gravitinos and
the density of supersymmetric dark matter produced by
their decays are considered in Section VI. Finally, Sec-
tion VII summarizes our results and discusses our con-
clusions.
II - NO-NO INFLATION
A. No-Scale Framework
In this Section we illustrate how to construct non-
oscillatory (NO) models of inflation in the non-minimal
N = 1 no-scale supergravity framework. 1 In addition
to the inflaton field, φ, we include a scalar field, h, cor-
responding to the Higgs boson. The two scalars are cou-
pled only through interactions induced by the supergrav-
ity Lagrangian. During inflation, the inflaton field has
1 For discussions of other N = 1 no-scale supergravity models,
see [21–23].
3a large field value of ∼ O(MP ), and h ' 0. 2 When
the inflaton field φ crosses the region near the null point,
φ ' 0, the field velocity, φ˙, is large and the mass of the
Higgs boson changes nonadiabatically due to the effective
interaction term between the φ and h fields, and heavy
particles are produced explosively through the preheating
process, as we discuss in detail in the next Section.
We introduce the following Kähler potential
K = −α log[1− xx¯− yy¯]− β log[1− zz¯] , (1)
where x is associated with the inflaton field, y with the
Higgs field, and z is an auxiliary field. The Kähler po-
tential (1) parametrizes an SU(2,1)SU(2)×U(1) × SU(1,1)U(1) coset
manifold, and the curvature parameters α, β describe the
characteristic geometry of the manifold. 3 We recall that
the Kähler curvature is given by Rij¯ ≡ ∂i∂j¯ lnKij¯ , where
the Kähler metric is defined as Kij¯ ≡ ∂2K/∂Φi∂Φ¯j¯ and
where the Φi are the complex chiral fields, and the Ricci
scalar curvature can be expressed as
R = Rij¯K
ij¯ , (2)
where Kij¯ is the inverse Kähler metric.
The scalar curvature for the Kähler potential (1) is
R = 4/α+ 2/β, where we use the convention that R > 0
for a hyperbolic manifold and R < 0 for a spherical
manifold. In our further discussion, we assume that
α, β > 0 and hence we have a hyperbolic manifold with
R > 0.
The scalar N = 1 supergravity action for the chiral
fields is given by
S =
∫
d4x
√−g (Lkin − V ) , (3)
where the scalar kinetic term takes the form
Lkin = Kij¯∂µΦi∂µΦ¯j¯ , (4)
and the effective scalar potential is given by
V = eG
[
∂G
∂Φi
Kij¯
∂G
∂Φ¯j¯
− 3
]
(5)
where, in order to include interactions, we have intro-
duced an extended Kähler potential including a superpo-
tential W :
G ≡ K + lnW + lnW . (6)
2 We are using the reduced Planck mass, MP = 1/
√
8piGN '
2.4× 1018 GeV.
3 One could also consider a Kähler potential of the form K =
−α log[1 − xx¯ − yy¯ − zz¯], and construct similar non-oscillatory
scalar potentials, albeit with a different superpotential.
We assume in our discussion of inflationary dynamics
in the supergravity framework a spatially-flat Universe,
which is described by the Friedmann-Robertson-Walker
(FRW) metric
ds2 = dt2 − a(t)2dx2 . (7)
The classical equations of motion for the scalar fields are
given by
H2 = N˙2 =
1
3
[
Kij¯Φ˙
i ˙¯Φj¯ + V (Φ)
]
, (8)
H˙ = −Kij¯Φ˙i ˙¯Φj¯ , (9)
Φ¨i + 3HΦ˙i + ΓijkΦ˙
jΦ˙k +Kij¯
∂V
∂Φ¯j¯
= 0 , (10)
where Φ ≡ (x, y, z), H = a˙/a is the Hubble parameter,
Γijk = K
il¯∂jKkl¯ are the Christoffel symbols, and N is the
number of e-folds.
B. Non-Oscillatory Effective Potential
We now construct a non-oscillatory model of inflation
starting with Kähler potential (1). We introduce a su-
perpotential of the form
W =
mz√
3
(
1− x2)b/2 (1 + x)c/2 + µy2 , (11)
where m is the inflaton mass scale and the µ term is as-
sociated with the electroweak symmetry-breaking scale.
Although we consider, for simplicity, a single field asso-
ciated with the Higgs field, the general framework can
easily be extended to more realistic supersymmetric sce-
narios with two Higgs doublets as in the minimal super-
symmetric extension of the SM.
Combining the superpotential (11) with the Kähler
potential (1), we find the following effective scalar poten-
tial
V =
1
3m
2(1− x2)b(x+ 1)c
β(1− y2 − x2)α
+
µ2y2(4− 4x2 + y2(α− 8 + (α− 2)2x2) + y4(α− 2)2)
α(1− y2 − x2)α ,
(12)
where we have assumed that z = z¯ = 0, y = y¯, and
x = x¯, which can be achieved by introducing higher-order
correction terms in Kähler potential that stabilize the
fields [27, 39, 52]. If we choose the following illustrative
parameter values: c = 4, b = α = 2, and β = 1, we
obtain a simpler expression
V =
1
3m
2(x− 1)2(x+ 1)6 + µ2y2(2− 3y2 − 2x2)
(y2 + x2 − 1)2 , (13)
4for which the scalar curvature R = 4.4
Because we expect µ  m, inflation is driven by the
first terms in Eq. (12) and the numerator of Eq. (13).
The curvature parameter β is associated with the aux-
iliary field z, so its value does not affect the inflation-
ary dynamics nor, in turn, the cosmological observables
ns and r. It does, however, scale the inflaton potential,
so that the quantity m2/β is fixed by the amplitude of
the density fluctuations as discussed below. It should be
noted that one can treat the parameters (α, β, b, c) in the
effective scalar potential (12) as free variables and build
alternative non-oscillatory models similar to no-scale at-
tractors, whose different values of these parameters lead
to different values of the scalar tilt ns and tensor-to-scalar
ratio r. However, not all parameter values are expected
to accommodate sufficient preheating, because different
values of the parameters change the steepness of the ef-
fective inflationary potential, which in turn affects the
inflaton velocity that is directly related to the violation
of adiabaticity. Here we focus on one particular relatively
simple example as an existence proof, and we leave such
considerations for future work.
At the end of inflation, the inflaton field value x keeps
decreasing towards negative values and its energy density
exhibits the typical kination scaling ρx ∝ a−6. After
reheating, the Universe is dominated by radiation and
the evolution of the inflaton slows, until the Universe
enters a tracking period, where the radiation density, and
the kinetic and potential energies of the inflaton evolve
together. Eventually, the field x approaches a field value
of −1. 5 At later times, cold dark matter dominates
the expansion, until very late times when the Universe
becomes dominated once again by the residual vacuum
energy, with the slowly-evolving inflaton providing dark
energy.
During inflation the Higgs field acquires a large mass
(as mentioned above and discussed further below), and
we can safely assume that y ' 0 and neglect the ki-
netic mixing between the fields in the Lagrangian (4).
This assumption is valid during the inflation, kination
and preheating eras, but fails to hold for a brief period
when x ' y ' 0. We find from numerical calculations
that neglecting the kinetic mixing between the two fields
does not affect the preheating mechanism.
If we neglect the kinetic mixing terms in the La-
grangian (4), the canonical parametrization for the fields
4 If we used a Kähler potential parametrized by a SU(3,1)
SU(3)×U(1) coset
manifold, the choices c = 4, α = 2, and b = α − 1 would yield
the same scalar potential, with m/
√
3→ m/√3/2.
5 This asymptotic value follows from the canonical field
parametrization (14).
x and y is given by
x = tanh
(
φ
2
)
, (14)
y =
h√
2 (coshφ+ 1)
, (15)
where the canonically-normalized Higgs field, h, is cou-
pled to the inflaton field, φ. If we use the field redefi-
nitions (14, 15), we can rewrite the scalar potential (13)
as
V ' Vinf + 1
2
(
µ2 + Vinf
)
h2 + · · · , (16)
where
Vinf =
m2
3
(
1 + tanh
φ
2
)4
, (17)
and we have omitted Planck-suppressed higher-order
terms other than those contributing to the effective Higgs
mass:
m2h,eff =
m2
3
(
tanh
(
φ
2
)
+ 1
)4
+ µ2 . (18)
For φ ' 0, we find mh,eff ' m/
√
3, since m  µ. The
potential Vinf given by Eq. (17) with m = 4 × 10−6MP
is shown in Fig. 1.
In this approximation, the potential does not account
for the VEV of h, as it does not include any effects due
to supersymmetry breaking. Additional terms must be
included in the superpotential (11) to break supersym-
metry. A more complete treatment of supersymmetry
breaking and the electroweak transition will be consid-
ered in future work. Here we assume that the full theory
contains supersymmetry breaking and generates a soft
mass term for the Higgs field that runs to a negative value
at the electroweak scale [22]. When this and D-terms are
included in the potential, a VEV for h is found.
C. Inflation
We use the slow-roll approximation in order to analyze
the primary cosmological observables, namely the scalar
tilt, ns, and the tensor-to-scalar ratio, r. The slow-roll
parameters
 ≡ 1
2
(
V ′
V
)2
, η ≡ V
′′
V
(19)
for the inflationary potential (16) are given by:
 =
8
(1 + eφ)2
, η =
4(4− eφ)
(1 + eφ)2
. (20)
5FIG. 1. The scalar potential, Vinf(φ), in the NO-NO model of inflation given by Eq. (17) with m = 4× 10−6 MP .
The total cosmological expansion is characterized by the
number of e-folds:
N∗ ' −
∫ φend
φ∗
1√
2
dφ , (21)
where φ∗ denotes the inflaton field value at the Hubble
horizon crossing. Using (20), we obtain
N∗ ' (e
φ∗ + φ∗)− (eφend + φend)
4
. (22)
We define the end of inflation to occur when  = 1, 6 and
(20) yields φend ' 0.6. For the nominal choices N∗ =
50, 55, 60, we find that φ∗ ' 5.28, 5.38, 5.47.
In order to connect the NO-NO model of inflation to
the most recent CMB 2018 data [34, 35], we use the fol-
lowing relations for the scalar tilt and scalar-to-tensor
ratio in terms of the slow-roll parameters:
ns ' 1− 6+ 2η, r ' 16 . (23)
6 Amore precise definition for the end of inflation would be H = 1,
where H = −H˙/H2, and in this case we find φend ' 0.14,
corresponding to an insignificant difference in φ∗.
For our inflationary potential (17) and the choices N∗ =
50, 55, 60, we find ns ' 0.9594, 0.9631, 0.9660 and r '
0.0032, 0.0027, 0.0023, which are consistent with the most
recent CMB data [34, 35].
We determine the inflationary mass scale m from the
amplitude of the scalar density fluctuations [34], given
by
As =
V
24pi2
, (24)
where As ' 2.1 × 10−9. For the nominal values of
N∗ = 50, 55, 60, we find m ' 4.4 × 10−6MP , 4.0 ×
10−6MP , 3.7× 10−6MP . The key results for our model
of NO-NO inflation are summarized in Table I below. In
our further analysis we choose the representative value
N∗ = 55, and the corresponding values φ∗ ' 5.38MP
and m ' 4× 10−6MP .
Since the effective mass of the Higgs field is similar to
the inflaton mass during inflation, mh,eff ' m as can be
readily seen from (16), the scalar potential in the h direc-
tion is very steep, which leads to h ' 0. Therefore, in our
model we do not have large Higgs field fluctuations, nor
production of isocurvature perturbations [9, 36].
Next, we use the classical equations of motion (8 - 10)
for the scalar fields to find numerical results for the time
6N∗ 50 55 60
φ∗ 5.28 5.38 5.47
m 4.4× 10−6 MP 4.0× 10−6 MP 3.7× 10−6 MP
ns 0.9594 0.9631 0.9660
r 0.0032 0.0027 0.0023
TABLE I. Parameters of the NO-NO inflationary poten-
tial (17) and CMB predictions for the specific choices N∗ =
50, 55, 60.
evolution of the model, which we use when discussing
preheating in the next Section. In our numerical solu-
tions and figures, time is measured in units M−1P , unless
mentioned explicitly.
We first show in Fig. 2 the evolution of the inflaton
field φ as a function of time. The inflationary period
ends when  = 1, or φend ' 0.6MP , and instant pre-
heating begins. We then show in Fig. 3 the evolution of
the inflaton velocity φ˙, plotted as a function of the field
value φ. Our numerical calculations show that the in-
flaton velocity peaks right at the end of inflation, when
φ ' 0.6MP and |φ˙| ' 0.7mMP , and that the kinetic en-
ergy of the inflaton becomes equal to its potential energy
when φ ' −0.5MP , when kination begins.
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FIG. 2. Evolution of the NO-NO inflaton field φ as a function
of time in the units of m−1.
After the inflaton crosses this point, the inflaton en-
ergy density becomes dominated by its kinetic energy
contribution. This is shown as the red curve in Fig. 4,
which traces the history of the relevant energy densities
as functions of time and the inflaton field value. When
φ ' 0, t ' 107M−1P (corresponding to t ' 45m−1 in
Fig. 2) and the Universe becomes dominated by the in-
flaton kinetic energy. The inflaton potential energy den-
sity (blue curve) then remains a subdominant contribu-
tion until the Universe enters a tracking stage (discussed
further below) at t ' 1044M−1P . This result can be un-
derstood intuitively from the expression (16) for the ef-
fective scalar potential where, as tanh φ2 approaches −1,
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FIG. 3. Evolution of the NO-NO inflaton velocity |φ˙| as a
function of inflaton field value.
a small value in the parentheses is raised to the fourth
power, leading to a very small value of V . Therefore,
when the inflaton passes the point φ ' −0.5MP , we can
use an approximation for the classical equations of mo-
tion φ¨ + 3Hφ˙ ' 0 and, as expected, the energy density
of the inflaton field scales ∝ a−6.
The value of φ at each evolutionary stage is indicated
on the upper horizontal axis in Fig. 4. As φ(t) is highly
non-linear, we show an extended version of Fig. 2 in
Fig. 5. There we see, for example, that during infla-
tion the inflaton field value is relatively constant until
the end of inflation (as seen in Fig. 2) and then drops
rapidly, moving to negative values during the period of
kination.
III - PREHEATING
Because of its coupling (16, 17) to the inflaton field,
φ, the effective mass of the Higgs-like boson, h, starts
changing non-adiabatically when the inflaton field passes
near the point φ ' 0, removing a small fraction of the
inflaton kinetic energy and producing a large quantity
of heavy Higgs particles through the instant preheating
mechanism [8]. This mechanism is extremely efficient
and, for non-oscillatory models of inflation, the Universe
reheats without inflaton decay and is instead reheated
by the annihilations and scatterings of the effective heavy
Higgs boson whose mass ismh,eff ' m√3 ' 5.5×1012 GeV,
via the usual Yukawa interaction λψhψ¯ψ, where ψ rep-
resents Standard Model fermionic fields. These mas-
sive Higgs particles would scatter mainly into third-
generation fermions, with a rate ∝ nh/m2h  H, as
will be seen below when we derive and expression for
the Higgs number density, nh.
After the rapid scattering of Higgs bosons, the energy
density of ultra-relativistic particles scales as radiation
7FIG. 4. Evolution of the NO-NO inflaton and radiation energy densities as functions of time. The energy stored in the potential
is depicted by the blue curve, the red curve shows the contribution of the inflaton kinetic energy, the green and black curves
corresponds to the radiation and matter energy densities respectively. Time is shown on the lower horizontal axis in units of
M−1P , and some specific corresponding inflaton field values are given on the upper horizontal axis, in Planck units. The energy
densities, ρ, are given in units of M4P . The Figure shows six distinct phases of evolution. At early times, t ≤ 107 M−1P , the
Universe is inflating, and the potential energy is relatively constant with a value given by m2M2P /3. As φ approaches 0, its
kinetic energy increases and dominates the energy density as the Universe enters a period of kination. When φ ' 0, instant
preheating occurs, the radiation bath is produced and begins to dominate at t ' 7×1027 M−1P , which is defined as the moment of
reheating. In the radiation-dominated phase, the inflaton slows to a near halt and the potential energy density becomes constant
again until the radiation density, which continues to fall like ρr ∼ a−4 ∼ t−2, becomes close to the inflaton potential and
kinetic energy densities. At this time, t ' 1044 M−1P , the Universe enters a tracking phase that lasts until matter domination
at t ' 1054 M−1P . At the slightly later time of t ' 1060 M−1P , the vacuum energy which has been tuned to its current value
∼ 10−120 M4P , begins to dominate as dark energy.
(the green curve in Fig. 4), which scales as ρr ∼ a−4,
and the inflaton field energy density is dominated by its
kinetic energy contribution (the red curve), which scales
as ρφ ∼ a−6. We define the reheating temperature, TRH,
as the temperature when ρr ' ρφ, and we assume that
the radiation products are thermalized by that point. As
we show later, reheating happens significantly before Big
Bang Nucleosynthesis, TRH  1 MeV.
It is important to note that the effective Higgs
mass decreases rapidly as the inflaton field value de-
creases. Examining Eqs. (16) and (17), we find that
the m-dependent term becomes subdominant when φ .
−11.9MP . This happens significantly before electroweak
symmetry breaking. Therefore, the first term is subdom-
inant at the present day and makes a negligible contri-
bution to the physical Higgs boson mass.
The equation of motion for the Higgs field h in Fourier
space is
h¨k + 3
a˙
a
h˙k +
(
k2
a2
+m2h,eff
)
hk = 0 , (25)
where k is its momentum, and the angular frequency
ωk(t) is defined as
ω2k(t) =
k2
a(t)2
+m2h,eff(t) . (26)
When considering a broad parametric resonance in an
expanding Universe, it is convenient to introduce a new
variable Hk = a3/2hk, which incorporates the Hubble
8FIG. 5. Evolution of the NO-NO inflaton field φ as a function of time in units of M−1P . During inflation, which lasts until
t ' 107 M−1P , the inflaton field value is relatively constant. When kination begins, the inflaton quickly moves to large negative
values until the universe becomes radiation-dominated, and the inflaton effectively ceases to evolve when φ ' −45MP . When
the tracking regime begins, the inflaton starts moving again and at present φ ' −62MP .
friction term in (25), so that the equation of motion be-
comes
H¨k + ω
2
kHk = 0 , (27)
where
ω2k =
k2
a(t)2
+m2h,eff −
3
4
(
a˙(t)
a(t)
)2
− 3
2
a¨(t)
a(t)
, (28)
and the last two terms are responsible for gravitational
particle production. In the case of instant preheat-
ing their contribution is negligible, and we can approx-
imate the time-dependent harmonic oscillator frequency
as ω2k ' k
2
a(t)2 +m
2
h,eff .
We take as the initial condition for the equation
of motion (27) the Bunch-Davies vacuum Hk(t) '
e−iωkt/
√
2ωk. Since the parametric resonance occurs
rapidly, we can safely ignore the expansion of the Uni-
verse and approximate the frequency as ω2k ' k2 +m2h,eff
during this period.
The harmonic-oscillator equation of motion (27) can
be used to construct the invariant particle occupation
number, nk, for the Fourier momentum mode k, which is
independent of the scale factor, and is given by
nk =
ωk
2

∣∣∣H˙k∣∣∣2
ω2k
+ |Hk|2
− 1
2
. (29)
The dominant contribution to particle production oc-
curs when the standard adiabaticity condition is violated,
i.e.,
ω˙k & ω2k , (30)
and we discuss two different modes of production: when
k ' 0 and k ∼ mh,eff . 7
If we assume that the momentum values are negligibly
small, the adiabaticity violation condition (30) becomes
|m˙h,eff | & m2h,eff and, using (18), we find that
32m2e4φ
3(eφ + 1)5
|φ˙|
m
3/2
h,eff
& 1 . (31)
From numerical approximations, we find that the adia-
baticity condition (31) is violated when 0.1MP & φ &
7 Particle production becomes exponentially suppressed when
ω˙k < ω
2
k.
9−13.8MP . However, because the physical Higgs parti-
cle density is nh ∝
∫∞
0
k2nk, modes with k ' 0 make a
negligible contribution to the total particle number den-
sity, and total particle production can be approximated
as instantaneous.
We consider next the case when k ∼ mh,eff . Now the
adiabaticity violation condition (30) becomes
32m2e4φ
3(eφ + 1)5
|φ˙|
(k2 +m2h,eff)
3
2
& 1 , (32)
where we find from numerical calculations that the dom-
inant particle production occurs when φ ' 0. We see
from Fig. 3 that the magnitude of the velocity of the in-
flaton field φ˙ is maximized at the end of inflation, when
φ ' 0.6MP and |φ˙| ' 0.7mMP . Near φ ' 0, when the
dominant particle production occurs, the inflaton veloc-
ity is approximately |φ˙| ' 0.6mMP .
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FIG. 6. Violation of the adiabaticity condition (32) as a
function of time in units of m−1 for different values of κ =
0, 10−5, 10−3, 0.1, 1, and 2.
It should be noted that our model is quite different
from the model considered in [3], where the authors cou-
pled the two boson fields through the interaction term
− 12g2φ2χ2, where χ corresponds to another scalar field.
In this case, the effective mass of the χ particles is given
bymχ = g|φ|. As the inflaton field rolls to infinity and its
field value increases, the effective mass mχ increases as
well, until the inflaton field φ reaches its maximal value
and the χ particles decay to two fermions. In contrast,
in our model the instant preheating mechanism produces
heavy Higgs bosons whose effective mass mh,eff , given
by (18), decreases with increasing inflaton field value,
which then rapidly scatter into ultra-relativistic light par-
ticles.
In order to understand better the instant preheat-
ing mechanism and adiabaticity violation condition (32),
it is convenient to introduce a dimensionless parame-
ter κ ≡ kmh,eff . We illustrate in Fig. 6 the violation
of the adiabaticity condition (32) as a function of time
for different values of κ. For these numerical calcu-
lations, we set the parameters at the end of inflation
to φ ' 0.6MP , |φ˙| ' 0.7mMP , t = 0, and a(0) = 1.
Therefore, the condition is violated for a relatively long
time when κ ' 0, but particle production is relatively
instantaneous when κ ∼ O(1).
In order to calculate numerically the produced Higgs
boson density, we use the following expression
nh =
1
2pi2
∫ ∞
0
dk k2 nk . (33)
In Fig. 7 we show the particle occupation number nk and
the integrand k2nk as a function of κ. We see that the
dominant Higgs particle production occurs in the range
0 . k . 2, and particle production peaks for the momen-
tum modes k ' mh,eff .
We find from numerical calculations that the Higgs
boson number density after instant preheating, when φ '
−0.5MP and |φ˙| ' 0.5mMp, is
nh ' (4× 10−4 − 10−3)m3 ' (3.5− 8.8)× 1035 GeV3 ,
(34)
where the range in nh depends on how quickly the newly-
created Higgs bosons thermalize. If thermalization is ‘in-
stant’, then the number density is at the upper end of
the range, whereas the number density is slightly lower
if thermalization is delayed. Because the Higgs fields are
produced at low momentum and are very heavy initially,
we can treat them as non-relativistic particles with an
energy density given by
ρh ' nhmh,eff ' 1.3×10−4m4 ' 1.1×1048 GeV4 , (35)
where we use mh,eff ' m/3 from Eq. (18) for φ '
−0.5MP . This is a small fraction (∼ 10−15) of the energy
density in the inflaton potential and kinetic energy which
is of order m2M2P . Shortly after they are produced, the
heavy Higgs particles annihilate and scatter into ultra-
relativistic products, r, and ρh ' ρr, which scales as
∝ a−4. Note that although instant preheating occurs at
a time similar to the onset of kination, the Universe still
expands quite rapidly before a ∼ t1/3 becomes a good
approximation which only occurs at a time t ∼ 108M−1P ,
and a significant amount of dilution occurs as seen by
the dips in the energy densities shown in Fig. 4 at φ ' 0.
This will result in a lower reheating temperature than
was found in many models in the literature, as discussed
in the next Section.
We need to check that back-reaction effects are negligi-
ble during preheating, and do not affect the particle pro-
duction. In order to take into account the back-reaction
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effects of h quantum fluctuations, we use the Hartree ap-
proximation [3, 9], and write the equation of motion for
φ as
φ¨+ 3Hφ˙+
64m2e4φ
3(eφ + 1)5
+
32m2e4φ
3(eφ + 1)5
〈h〉2 = 0 , (36)
where the vacuum expectation value for h2 is given
by
〈
h2
〉
=
1
2pi2a3
∫ ∞
0
k2nk
ω
dk . (37)
Using the angular frequency (26), numerical calculations
show that
〈h〉2 ' 5.6× 10−4
(
m
MP
)2
' 9× 10−15 . (38)
When instant preheating occurs we have φ ' 0, and the
equation of motion (36) becomes
φ¨+ 3Hφ˙+
2
3
m2 +
m2
3
〈h〉2 = 0 . (39)
One can use the approximation that the back-reaction ef-
fects are negligible if the effective inflaton mass mφ, eff =
m2 + m
2
2 〈h〉2 does not change significantly and the term
in (39) arising from the quantum fluctuations of h is sig-
nificantly smaller than the first term. We conclude from
Eq. (38) that back-reaction effects are negligible in our
model.
κ2nk
nk
��� ��� ��� ��� ��� ��� ��� κ
����
����
����
����
����
FIG. 7. The particle occupation number nk (red) and κ2nk
(blue) in units of m3 as functions of κ = k/mh,eff .
IV - REHEATING AND THE ELECTROWEAK
PHASE TRANSITION
The inflaton field loses only a small fraction of
its energy while producing the Higgs bosons non-
perturbatively. At the end of inflation, the inflaton field
has an energy density ρφ ' 1.1× 1062 GeV4, and we find
the following energy density ratio
∆(tend) ≡ ρh(tend)
ρφ(tend)
' 2× 10−15 , (40)
where tend ' 1.1 × 107M−1P is the time at the end of
inflation. When inflation ends, the inflaton potential en-
ergy density still dominates the total energy density until
the time ti ' 1.2 × 107M−1P when kination begins (see
Fig. 4). Between tend and ti, the Universe still expands
rather rapidly and φ evolves from ∼ 0.6MP to −0.5MP .
As noted earlier, even though the inflaton kinetic energy
dominates the total energy density, the Universe contin-
ues to expand rapidly until t ∼ 108M−1P , when H = 1/3t
becomes a good approximation.
The radiation bath is quickly formed after preheat-
ing. The Higgs bosons annihilate and scatter with a
rate Γsc ∼ nh/m2h,eff . As the inflaton evolves to more
negative field values, the effective mass of the Higgs bo-
son drops rapidly and the scattering rate quickly over-
takes the expansion rate, leading to the formation of
the thermal bath. We estimate that this occurs at
tsc ∼ 1.25 × 107M−1P when φ ' −1.65MP . The energy
density in radiation at this time is ρh ' 3.6× 1046 GeV4
having been diluted by a factor of ∼ 5 relative to the
naive estimate which assumes H ∼ 1/3t at ti. This cor-
responds to a maximum temperature
Tmax =
(
30ρh(tend)
pi2g∗
)1/4
' 1.5× 1011 GeV , (41)
where g∗ = 915/4 is the number of relativistic degrees of
freedom, assuming instantaneous thermalization at tsc.
The temperature, however, quickly drops (by a factor of
∼ 30 over that due to kination) as the Universe begins
its kination phase as seen in Fig. 4.
The thermal bath does not dominate the energy den-
sity of the Universe when it is formed, and initially the ra-
diation density drops faster than ρφ. At tsc, ∆ is similar
to that in Eq. (40). However, during kination, ρφ ∝ a−6
and ρr ∝ a−4. While the Universe is dominated by the
kinetic energy of the inflaton, we have a ∼ t1/3, and
∆ ∼ a2 ∼ t2/3.
We define the reheating temperature TRH as when
ρφ = ρr, so that reheating occurs when ∆(tRH) = 1,
which occurs when tRH ' 7 × 1027M−1P . The radiation
energy density at reheating is
ρr(tRH)' ρr(tsc)
(
tsc
tRH
)4/3
' 1.8× 1017 GeV4 (42)
according to our numerical calculations. This corre-
sponds to a reheating temperature of
TRH =
(
30ρr(tRH)
pi2g∗
)1/4
' 7 TeV . (43)
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During the radiation-dominated period, the inflaton
kinetic energy decreases rapidly, while the inflaton field
value and its potential remain roughly constant, as seen
in Figs. 4 and 5. Radiation domination continues until
ρr (which drops as a−4) is similar to ρφ, whereupon the
Universe enters a tracking regime [24]. It is easy to ver-
ify that, for the inflaton potential (17), the two tracking
criteria
Γ ≡ V
′′V
(V ′)2
≥ 1 and
∣∣∣∣d ln(Γ− 1)d ln a
∣∣∣∣ 1, (44)
are both satisfied, since Γ = 1 − eφ4 and is very nearly
constant when φ . −8 MP . Tracking begins when
t ' 1044M−1P , corresponding to a temperature T = 70
keV. During tracking, the radiation energy density and
the kinetic and potential energy densities of φ track each
other, as seen in Fig. 4. As a result, the inflaton field
value evolves as well, as seen in Fig. 5. At this time, the
energy density in the inflaton is about 1/3 the total en-
ergy density. While tracking begins after BBN has begun
and therefore does not affect weak interaction freeze-out
or the deuterium bottleneck, there may be some residual
effects on BBN that merit further study.
Tracking continues until the cold dark matter density
begins to dominate the energy density at t ' 1054M−1P ,
and shortly thereafter vacuum energy density takes over.
Tuning is required to give the present observed values of
the fractions of the critical density in dark energy, matter,
and radiation ΩΛ,Ωm, and Ωr, respectively.
Before concluding this Section, we comment on the
probable effect of including additional degrees of free-
dom on reheating. In all of the preceding discussion, we
have restricted our attention to a simplified model with
three fields, x, y, z. We assumed that y is a proxy for
the Higgs field, and its coupling to the inflaton field x
in Eq. (16) was derived from an expansion of the Käh-
ler potential. In a more realistic model, there would be
N ∼ 50 chiral superfields with similar couplings. We ex-
pect Eq. (34) to hold for each of these, and therefore the
total number density of fields would scale with N . Since
the scattering rate would also scale as N , thermaliza-
tion would occur immediately after preheating, and we
would expect a higher maximal temperature Tmax ' 1012
GeV. The increased radiation density would also lead to a
higher reheating temperature, which we estimate would
be roughly TRH ∼ 4 × 105 GeV. In this case, tracking
would begin earlier, and constraints from BBN may be-
come relevant.
V - GRAVITATIONAL WAVE SPECTRUM
The fractional energy density of primordial gravita-
tional waves (GWs) relative to the critical energy density
in a flat Universe is given by [53]
ΩGW =
1
ρc
d ρGW
d ln k
∝ k2( 3w−13w+1 ) ∝ a3w−1 , (45)
where ρc ≡ 3H20M2P ' 1.05h2 × 10−5 GeV cm−3 is the
critical density of the Universe, ρGW is the energy density
of the gravitational waves, k = aH is the momentum
mode at the Hubble horizon crossing, and w = p/ρ is the
effective equation of state parameter. When the Universe
becomes dominated by the radiation density, w = 1/3,
and the gravitational wave spectrum remains flat because
ΩGW ∼ const.
However, during the kination epoch, w = 1, and the
fractional energy density of gravitational waves scales as
ΩGW ∼ k ∼ a2. Therefore, a prolonged period of the
inflaton kinetic energy regime could lead to a blue-tilted
gravitational wave spectrum capable of contributing sig-
nificantly to the total radiation density of the Universe
and, in turn, affecting the effective number of neutrino
species Neff at the time of BBN.
One can use the current limit on Neff < 3.17 [54] to
set an upper limit on the energy density of gravitational
waves today [55],
ΩGW <
(
4
11
)4/3
7
8
(Neff − 3)Ωγ , (46)
where Ωγ = (pi2/15)T 40 /ρc ' 2.47 × 10−5 h−2 and
T0 = 2.73 K is the present temperature of the microwave
background. In order to ensure that higher-frequency
gravitational waves do not affect BBN, we impose the
bound [55]
I = h2
∫ ki
kBBN
ΩGW d ln k . 10−6 , (47)
where kBBN and ki are the momentum modes associated
with BBN and the onset of kination, respectively. We
find numerically that the dominant contribution to the
integral (47) comes from the momentum modes when
0.9 . w . 1, which is the case in the range krad ≤ k ≤
kkin, where krad is the momentum mode when the radi-
ation energy density becomes significant, and kkin is the
momentum mode when the kinetic energy of the inflaton
is significantly larger than its potential energy. 8
During the kination epoch, the fractional energy den-
sity of the gravitational waves is given by [16]
ΩGW ' εΩγh2GW
(
k
krad
)[
ln
(
k
kkin
)]2
, (48)
8 A common approximation is that contributions to the inte-
gral (47) come from the entire range [ki, kRH], where the lat-
ter corresponds to the momentum mode when radiation domi-
nates. However, this overestimates the contributions to the in-
tegral from the ranges [ki, kkin] and [krad, kRH] where w < 0.9,
e.g., w ' 0.1 at ki.
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where ε = 2Ri
(
3.36
g∗
)1/3
with Ri = 8132pi3 , which takes
into account the contribution of the massless scalar de-
grees of freedom, and h2GW =
1
8pi
(
H(tend)
MP
)2
is the dimen-
sionless gravitational wave amplitude.
Using the expression (48) as the integrand in (47), we
find
I ' 2εh2GWΩγh2
(
kkin
krad
)
, (49)
where we have neglected the subdominant logarithmic
contribution to the integral because kkin  krad. Next,
we rewrite the ratio kkin/krad as
kkin
krad
=
akin
arad
Hkin
Hrad
' 2.2× 1013, (50)
and we find
I ' 0.3 εΩγ h2. (51)
Inserting the numerical values, we find
I ' 6× 10−7 , (52)
which is consistent with the bound (47), and would be
reduced if additional chiral superfields couple to the in-
flaton.
VI - GRAVITINO PRODUCTION
Gravitinos can be produced after inflation either by
the direct decay of the inflaton or through thermal
production in the newly-created radiation bath [56–76].
In more conventional oscillatory models, inflaton de-
cay products thermalize rapidly to a temperature Tmax.
Then, while the Universe is dominated by the inflaton os-
cillations and undergoes effective matter-dominated ex-
pansion, the temperature of the radiation falls as T ∼
a−3/8 until the Universe becomes radiation-dominated
at the scale defined as TRH [20, 76–81]. In this case, the
relevant Boltzmann equation can be written as
dY
dT
= −8
3
R
HT 9
, (53)
where Y ≡ n3/2/T 8, R = 〈σv〉ζ(3)2T 6/pi4 is the pro-
duction rate per unit volume, and 〈σv〉 is the gravitino
production cross section [76]. While dominated by infla-
ton oscillations, the Hubble parameter may be written
as H =
√
α/3T 4/T 2RHMP . Integrating the equations of
motion from Tmax to TRH, one finds that the abundance
of gravitinos is linear in the reheating temperature with
a negligible dependence on Tmax,
n3/2
s
' ζ(3)
2
pi4
√
3α3
(
M2P 〈σv〉
) TRH
MP
' 1.6× 10−18
(
1 + 0.89
m21/2
m23/2
)
TRH
104 GeV
, (54)
where α = pi2g∗/30, m1/2 is a universal high-scale gaug-
ino mass and the terms in the parentheses correspond to
the production of the transverse and longitudinal grav-
itino components, respectively.
However, unlike oscillatory models of inflation, in
our NO-NO model reheating is not produced by infla-
ton decay. Therefore, gravitino production occurs solely
through scattering in the thermal plasma produced by
Higgs decays. As noted earlier, while the Universe is in
the epoch of kination, a radiation bath is produced with
initial temperature Tmax and then cools as T ∼ a−1. In
this case, the relevant Boltzmann equation can be written
as
dY
dT
= − R
HT 4
, (55)
where now Y ≡ n3/2/T 3, and the Hubble parameter may
be written asH =
√
α/3T 3/TRHMP during the kination-
dominated period. Integration of (55) yields
n3/2
s
' 3
√
3ζ(3)2
4pi4α3/2
(
M2P 〈σv〉
) TRH
MP
ln
Tmax
TRH
' 3.7× 10−18
(
1 + 0.89
m21/2
m23/2
)
TRH
104 GeV
ln
Tmax
TRH
.
(56)
We see that in addition to a factor of ∼ 2 enhancement of
the numerical prefactor, there is a substantial logarithmic
boost factor lnTmax/TRH due to production during the
kination-dominated era. 9
We assume that the gravitino is not the lightest super-
symmetric particle (LSP), in which case it is expected to
be unstable with a lifetime Γ3/2 ∼ m23/2/M2P . Since this
rate is relatively small for m3/2 MP , a light gravitino
may decay so late as to disturb BBN. We assume that
the gravitino is sufficiently heavy, & O(10) TeV, for this
not to be an issue. However, the decays of the graviti-
nos eventually produce lighter supersymmetric particles,
in particular the lightest neutralino, χ, and the inflatino,
which is much lighter than χ in the simplified NO-NO
model presented here, in which we have not discussed
9 Particle production during kination was also considered in [20],
though the case applicable to gravitino production was not con-
sidered there.
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how supersymmetry breaking is communicated to the su-
persymmetric partners of SM particles. In this simplified
model χ is a Higgsino with a lifetime for decays to inflati-
nos that vastly exceeds the age of the Universe, in which
case it is a candidate for cold dark matter. Requiring
Ωχh
2 . 0.12 [34] and assuming conservatively that most
gravitino decays produce χ particles, we obtain an up-
per limit on the gravitino density relative to the entropy
density:
n3/2
s
. 4.4× 10−12
(
100 GeV
mχ
)
. (57)
For sufficiently heavy gravitinos (m3/2 & 10 TeV), this
bound is more important than that from BBN (see, e.g.,
[82]). We can combine the expected abundance from
scattering in Eq. (56) and the limit in Eq. (57) to find
the constraint
ΩDMh
2 ' 10−7
( mχ
100 GeV
)( TRH
104 GeV
)
ln
Tmax
TRH
. 0.12 ,
(58)
where we have assumed in Eq. (58) that m1/2  m3/2,
so that the production of the longitudinal components
can be ignored. Using the values of Tmax (41) and TRH
(43) estimated earlier, we find mχ . 10 PeV, which is
compatible with generic supersymmetric models of dark
matter. Even in a more complete NO-NO scenario with
N ∼ 50 chiral fields, the increased reheating temperature
would still allow mχ . 200 TeV. These limits would be
further relaxed if there were late-time entropy production
(see, e.g., [28, 31, 32, 83]).
However, this discussion is over-simplified, since it
neglects supersymmetry breaking in the visible sector.
Moreover, it is also possible that the LSP is in some hid-
den sector [84], or that R-parity is broken. We plan to
return to these issues in a future paper, but conclude pro-
visionally that LSP dark matter production in gravitino
decays is not a showstopper for the NO-NO model.
VII - RESULTS AND DISCUSSION
We have presented in this paper a novel model of no-
scale supergravity inflation in which there are no inflaton
oscillations at the end of the inflationary era. Instead, the
inflaton preheats instantly through a coupling to a Higgs-
like field that subsequently decays into relativistic matter
particles. The density of the Universe is then dominated
by the inflaton kinetic energy density (kination) until the
density of ultra-relativistic particles starts to dominate.
Reheating occurs at a temperature O(103−105) GeV, far
above that of Big Bang Nucleosynthesis. Subsequently,
the inflaton field then rolls to infinity while losing energy
density. This continues until the radiation density falls
to a level near the inflaton potential energy, and tracking
begins where the inflaton kinetic and potential energy
density are similar to that of radiation. Eventually the
Universe is dominated by cold dark matter, and finally
dark energy.
We have estimated the production of gravitational
waves and gravitinos in this non-oscillatory scenario. We
have found that the density of relic gravitational waves
is below the present upper limit on the effective number
of light neutral particle species imposed by the success of
conventional BBN calculations. We have also estimated
the density of LSPs produced by gravitino decays, finding
that this is below the upper limit on the dark matter den-
sity from Planck 2018 data [34] throughout the expected
range of LSP masses. One issue that we have not ad-
dressed in this paper is baryogenesis, but we anticipate
that leptogenesis [85], the Affleck-Dine mechanism [86]
and electroweak-scale baryogenesis should all be possible
in this NO-NO scenario.
We conclude that this no-oscillation model that in-
vokes preheating provides an interesting alternative
to no-scale supergravity models in which inflaton os-
cillations reheat the Universe, and warrants further
study.
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